Forensic tri-allelic SNP genotyping using nanopore sequencing by Cornelis, Senne et al.
Contents lists available at ScienceDirect
Forensic Science International: Genetics
journal homepage: www.elsevier.com/locate/fsigen
Research paper
Forensic tri-allelic SNP genotyping using nanopore sequencing
Senne Cornelisa,b, Yannick Gansemansa, Ann-Sophie Vander Plaetsena, Jana Weymaerea,
Sander Willemsa, Dieter Deforcea,1, Filip Van Nieuwerburgha,1,⁎
a Laboratory of Pharmaceutical Biotechnology, Ghent University, 9000 Gent, Belgium
bDepartment of Life Sciences and Imaging, imec, 3001 Leuven, Belgium
A R T I C L E I N F O
Keywords:
Forensic
SNP
Next generation sequencing
Oxford nanopore technologies
MinION
A B S T R A C T
The potential and current state-of-the-art of forensic SNP genotyping using nanopore sequencing was in-
vestigated with a panel of 16 tri-allelic single nucleotide polymorphisms (SNPs), multiplexing five samples per
sequencing run. The sample set consisted of three single-source human genomic reference control DNA samples
and two GEDNAP samples, simulating casework samples. The primers for the multiplex SNP-loci PCR were taken
from a study which researched their value in a forensic setting using conventional single-base extension tech-
nology. Workflows for multiplexed Oxford Nanopore Technologies' 1D and 1D2 sequencing were developed that
provide correct genotyping of most SNP loci. Loci that are problematic for nanopore sequencing were char-
acterized. When such loci are avoided, nanopore sequencing of forensic tri-allelic SNPs is technically feasible.
1. Introduction
Short tandem repeat (STR) profiling using multiplex PCR and sub-
sequent capillary electrophoresis (CE) is currently still the most widely
used method to perform DNA based human identification [1]. However,
single nucleotide polymorphism (SNP) profiling has gained a lot of
interest over the last decades [2]. Both SNP and STR genotyping have
distinct advantages and disadvantages over each other [3,4]. In com-
parison to STRs, SNPs have a lower mutation rate making them better
suited for kinship analysis and paternity testing [5]. In addition, SNPs
are free from stutters simplifying the interpretation. As the vast ma-
jority of SNPs are bi-allelic, a major disadvantage of SNP based iden-
tification is the low discriminative power [6]. Moreover, the bi-allelic
nature of these SNPs also precludes reliable mixture analysis [7,8]. A
possible solution involves using non-binary SNPs. (e.g. tri- or tetra-al-
lelic SNPs) [9,10]. Fewer non-binary SNPs are required to obtain a
higher discriminative power with the added advantage that non-binary
SNPs enable the identification of multiple donors in a single sample.
Westen et al. described a tri-allelic SNP multiplex consisting of 16 loci
relevant for forensic identification [11] which relied on the single-base-
extension (SBE) technique.
A sequencing based approach would be an elegant alternative to
SBE. In recent years, several sequencing based workflows for forensic
human identification have been developed and are being commercia-
lized as streamlined, validated methods [12–14]. The use of sequencing
techniques for analysis of forensic amplicons has several well described
advantages over other techniques [15–17]. A large number of SNP loci
can be multiplexed, only being limited by the PCR multiplex capability
[18]. Moreover, additional information can be extracted from the re-
gions flanking the SNP, leading to more discriminative power. Despite
these advantages, forensic sequencing based approaches are not yet
widely used. One of the main hurdles remains the cost per sample
which is much higher compared to a SNaPshot SBE analysis. Pooling
several samples during a single sequencing run could help to reduce the
costs. This is a commonly used technique in sequencing, which requires
tagging each amplicon with a sample-specific barcode. In addition to
the higher cost per sample, acquiring a state-of-the-art sequencer is a
substantial investment [19]. However, Oxford Nanopore Technologies
(ONT) recently commercialized the low-cost, pocket-sized MinION na-
nopore sequencer for general DNA sequencing [20]. This USB-powered
device uses disposable flow cells containing an array of nanoscopic
pores. While individual DNA molecules pass through the nanopores,
they generate an electrogram from which the nucleotide sequence is
deduced in real-time [21]. Due to the reduced cost compared to
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traditional sequencers, nanopore sequencing holds promise to become
the technology of choice to perform forensic profiling [22–24]. The
potential of the MinION sequencer for forensic SNP profiling was has
already been demonstrated [25]. Individually PCR-amplified bi-allelic
SNP loci of a forensic sample were equimolarly pooled and sequenced
using a MinION flow cell (R9.4) generating 2D reads. The current study
builds on those findings. Forensic tri-allelic SNP profiles were generated
using a 16-plex SNP loci PCR, followed by a ligation mediated sample-
specific barcoding step, a nanopore library preparation on the equi-
molarly pooled ligation products of different samples, and finally a
single nanopore sequencing run. Currently, ONT isn’t supporting their
2D sequencing method anymore, but offers a 1D and a 1D2 method
instead. Both methods were assessed. Thus, the current study shows the
potential of the state-of-the-art MinION sequencer methods to analyze a
forensic tri-allelic SNP multiplex PCR product. The possibility to bar-
code and pool several samples in a single sequencing run is tested as
well. Three positive control reference samples and two GEDNAP
(German DNA Profiling, www.gednap.org) samples simulating case-
work samples were genotyped. All profiles generated by nanopore se-
quencing were compared with reference profiles obtained via Illumina
sequencing.
2. Materials & methods
2.1. Samples
The results presented in this paper were obtained from five samples.
Three Promega (Madison, USA) single contributor reference DNA
samples (9947, 9948 & 2800) as well as two reference saliva samples
obtained from the GEDNAP (German DNA Profiling, www.gednap.org)
proficiency tests G50 and G51 were used. These GEDNAP samples,
which simulate forensic reference samples, were subjected to a Chelex
DNA extraction procedure prior to PCR amplification [26].
2.2. PCR amplification
The 16 SNP loci were amplified using a multiplex PCR (primer se-
quences available in Supplementary Table 1) based on the report by
Westen et al. [11]. Note that the SNP ID rs9274701 was relabeled to
rs9275142 because the primers provided by Westen et al. [11] amplify
an amplicon that is consistent with the latter SNP ID in dbSNP build
150. PCR was completed in a total volume of 12.5 μl containing 1 ng
template DNA, 1 X Gold Buffer I (Thermo Fisher Scientific), 9 mM
MgCl2, 2mM dNTPs (Thermo Fisher Scientific, Waltham, USA) and 0.5
U AmpliTaq Gold (Thermo Fisher Scientific). An optimized primer
concentration of 100 nM each was used. The primer mix composition
can be found in Supplementary Table S1. The temperature profile
consisted of an initial denaturation step at 94 °C for 10min followed by
35 cycles of denaturation at 94 °C for 30 s, primer annealing at 60 °C for
30 s, and extension at 72 °C for 30 s. Subsequent to the amplification
cycles a final elongation step of 5min at 72 °C was performed. The
Agilent High-Sensitivity DNA kit (Bioanalyser, Agilent Technologies,
California, USA) was used to assess the quality of the generated PCR
products. Concentration was checked fluorometrically using a Qubit
fluorometer (Life Technologies, Paisley, UK).
2.3. Nanopore library preparation and sequencing
Oxford Nanopore Technologies’ (ONT) base calling software cur-
rently requires DNA fragments to have a minimum length of 100 bp to
be processed. To circumvent this restriction, PCR amplicons were li-
gated to create longer DNA fragments. Sample-specific nucleotide
barcodes were added to the ligation reaction. This way, the amplicons
of the SNP loci are ligated into longer fragments, and at the same time
sample-specific barcodes are incorporated into these fragments. The
used barcode sequences were identical to those of the Native barcoding
protocol developed by ONT. To accomplish the ligation, the PCR pro-
ducts were first purified via gel electrophoresis (E-gel 2% and a 1 kb
Plus DNA ladder, Thermo Fisher) in order to remove primers and en-
zyme. For each sample’s PCR multiplex, the desired fragments were
recovered by cutting the region of interest (59–115 bp) out of the gel
and processed using the Zymoclean Gel DNA Recovery Kit (Zymo
Research, Irvine, USA). The resulting SNP amplicons were subsequently
end-polished using the NEBNext End-Repair module (NEB, Ipswich,
USA). The polished amplicons of each sample were mixed with
0.125 nmol of a sample-specific barcode sequence (Supplementary
Table S2) and ligated for 45min using the Blunt T/A Ligase Mastermix
(M0367 NEB, Ipswich, USA), after which a cleanup with 1.8 X AMPure
XP beads (Beckman Coulter, High Wycombe, UK) was performed. The
quality of the ligation products was assessed using the Agilent High-
Sensitivity DNA kit (Bioanalyser, Agilent Technologies, California,
USA). For each sample, the purified amplicon-barcode ligation products
were quantified fluorometrically using a Qubit fluorometer (Life
Technologies, Paisley, UK). The material of all samples was pooled in
equimolar quantities prior to library preparation.
In this study both currently available Oxford Nanopore sequencing
methods (1D and 1D2) were used. The 1D approach only sequences one
template DNA strand, whereas with the 1D2 method both com-
plementary strands are sequenced and the combined information is
used to create a higher quality consensus read. Both sequencing
methods require the attachment of a specific leader sequence to the
DNA. To add these adaptors, end-repair was performed on 1 μg of the
pooled ligation products using the Ultra II End-Repair/dA-Tailing
module (NEB, Ipswich, USA) according to the manufacturer’s instruc-
tions. The resulting A-tailed DNA was cleaned-up using 60 μl of AMPure
XP beads (Beckman Coulter, High Wycombe, UK) following the man-
ufacturer’s instructions. Subsequently, either 20 μl 1D-adaptor mix
followed by 50 μl of Blunt/TA ligase master mix (NEB, Ipswich, USA) or
2.5 μl 1D2-adaptor mix in combination with 20 μl Blunt/TA ligase
master mix was added to produce 1D and 1D2 libraries respectively. The
reactions were incubated at room temperature for 10min. The adaptor-
ligated libraries were purified using AMPure XP beads (Beckman
Coulter, High Wycombe, UK). The 1D protocol requires the removal of
free adaptor using AMPure XP beads (Beckman Coulter, High
Wycombe, UK) and the Adaptor Bead Binding buffer (ABB buffer). The
1D library is eluted using 15 μl elution buffer and quantified fluor-
ometrically using a Qubit fluorometer (Life Technologies, Paisley, UK).
Table 1
SNP profiles of all samples obtained from the different sequencing runs. A single
genotype indicates all runs resulted in the sample’s reference genotype obtained
via Illumina sequencing. Discordant results are shown in bold next to the re-
ference genotype and marked with the following suffixes to identifying the
sequencing experiments: a) Illumina sequencing, b) 1D reads from the 1D na-
nopore sequencing run, c) 1D reads from 1D2 nanopore sequencing, and d) 1D2
reads obtained from nanopore 1D2 sequencing.
SNP locus 2800 9947 9948 GEDNAP 50 C GEDNAP 51 C
rs1008686 TT TT TT AT AA
rs1112534 CC CT CC CC TT
rs17287498 AG GG GG GT GG
rs2032582 AT GT GG AT GG
rs2069945 GGa,d/CGb,c CC GG AC CG
rs2307223 AA AT AT AG AA
rs2853525 CT CT CC TT TT
rs3091244 CC CT AT CC CC
rs34741930 CC CC CC CC CC
rs35528968 AA AA AA AA AA
rs356167 AG CG AG CG CG
rs433342 GG CG GG AG GG
rs5030240 GT CG GG GT CG
rs727241 TT TT TT CT TT
rs9275142 GG CG CGa/CCb,c,d CC CC
rs9329104 AG AA AG AA AA
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In order to generate 1D2 reads the samples are subjected to an addi-
tional ligation reaction in which 5 μl of the Barcode Adaptor Mix (BAM)
is ligated to 45 μl DNA sample using 50 μl Blunt/TA ligase master mix.
This ligation takes 10min after which the 1D2 libraries are purified
using AMPure XP beads (Beckman Coulter, High Wycombe, UK) and
ABB-buffer. As with the 1D protocol, the 1D2 samples are eluted in 15 μl
elution buffer and quantified fluorometrically using a Qubit fluo-
rometer. Both the 1D and 1D2 libraries are further prepared for loading
on the flow cell by adding 35 μl of running buffer and 25.5 μl of library
loading buffer. The libraries were loaded dropwise on an R9.4 (1D) and
R9.5 (1D2) Spot-ON flow cell. Sequencing protocol 48-hour FLO-
MIN106_SQK-LSK208 or FLO-MIN107_SQK-LSK308 was chosen to
produce the 1D and 1D2 reads respectively.
2.4. Data-analysis
The nanopore sequencing data was processed using the Albacore
base caller (v3.1.2). The 1D sequencing experiment provides 1D reads
whereas the 1D2 sequencing experiment provides both 1D and 1D2
reads. The FASTQ files generated by albacore, were processed as fol-
lows: (1) Sample demultiplexing was done using a custom python script
to sort the reads by barcode into sample-specific FASTQ files, by means
of a fuzzy regex allowing up to three mismatches to handle sequencing
errors. (2) For each sample, the reads were aligned against the reference
sequences of the 16 SNP loci using BWA (0.7.15) with default settings
supplemented with the -x ont2d setting [27]. These reference sequences
consist of the SNP position and 25 nucleotides of the left and the right
flank, and were obtained from dbSNP build 150 [28]. A table con-
taining the nucleotide variations at all positions was extracted from the
alignment data by means of SAMtools (version 1.3.1) [29] and BCFtools
(version 1.3.1) [30], allowing detection and quantification of the SNP
variants in the reads. Documentation and scripts are available in the
respective notebooks on the TRI-pore GitHub repository (https://
github.com/SenneC1/TRI-pore.git). A heterozygous SNP should ide-
ally result in a 50:50 ratio of reads from each allele. A homozygous SNP
should result in a 100:0 ratio. However, using sequencing techniques in
general, these ratios are rarely obtained because sequence errors get
introduced due to PCR amplification of the STR amplicons, the physics
of the sequencing technique, the basecaller algorithm and the read
mapping algorithm. A more lenient threshold needs to be used to call
homo- and heterozygous SNPs. A homozygous call was made when at
least 75% of the reads corresponded to one of the possible alleles. This
homozygosity threshold, which is in essence arbitrarily chosen, is in
line with thresholds used to analyze Illumina reads and is the same
threshold that is used in the proprietary Illumina CASAVA SNP calling
pipeline. Finally, a visual inspection of the alignments was done using
IGV [31] in an attempt to trace erroneous mapping.
2.5. Reference profile
A reference profile of the selected tri-allelic loci for all samples was
obtained from Illumina sequencing data. An Illumina sequencing li-
brary was created for each sample starting from an aliquot of the SNP
multiplex PCR products using the NEBNext® Ultra DNA Library Prep
(New England Biolabs, Ipswich, USA), according to the manufacturer’s
instructions. The Illumina TruSeq adaptors (Illumina, San Diego, USA)
were added to the ends of the DNA fragments, followed by a MinElute
PCR Purification (Qiagen) procedure to remove buffer and enzyme.
Library size selection was performed with the E-Gel iBase Power system
(Invitrogen) using an E-gel EX 2% agarose gel and a 1 kb Plus DNA
ladder (Thermo Fisher). Fragments with a size of approximately 180 to
300 bp (amplicon+ adaptors) were cut from the gel and purified using
the Zymoclean gel DNA recovery kit (Zymo Research, Irvine, USA). The
recovered DNA fragments were then subjected to an Agilent
Bioanalyzer chip analysis (Bioanalyser, Agilent Technologies,
California, USA) to ensure that the adaptor ligation was successful. The
exact amount of sequence-able library fragments was determined by
qPCR using the Sequencing Library qPCR Quantification kit (Illumina,
San Diego, USA). Finally, paired-end 150 bp sequencing was performed
in a standard flow cell on a MiSeq (Illumina) sequencer. For each
sample, the resulting sequencing reads were aligned against the re-
ference sequences of the 16 SNP loci (consisting of the SNP and 25
nucleotides of flanking region on either side, extracted from dbSNP)
[[32]] using the BWA (0.7.15) software [27] with default settings.
Variant calling and determination of the SNP alleles was done as de-
scribed for the nanopore sequencing.
3. Results
3.1. Reference profile from Illumina sequencing data
All samples were amplified in parallel with the above described PCR
method. Aliquots of the same PCR product were sequenced with na-
nopore and Illumina sequencing. Profiles generated with Illumina se-
quencing were used as reference profiles and are shown in Table 1. Half
of the 16 tested loci (rs17287498, rs2032582, rs2069945, rs2307223,
rs3091244, rs356167, rs433342, rs5030240) displayed all three possible
alleles in the limited sample (n= 5) population. The relative frequency
of each nucleotide observed in the mapped reads at the SNP position is
shown in the first stacked bar in Fig. 1, representing the data for the 5
samples.
3.2. Nanopore library preparation
The amplicon and barcode ligation resulted in DNA fragments with
a median length between 1000–2000 bp (Supplementary Fig. S1 shows
the size distribution of the ligated PCR products), which overcomes the
minimum length requirement (100 bp) set by ONT’s base calling soft-
ware.
3.3. 1D sequencing
Nanopore 1D sequencing was continued for 20 h and produced
334,327 reads of which 174,636 were filtered as ‘pass’ reads (52%).
These ‘pass’ reads had a mean read length of 666 bp. All ‘pass’ reads had
a Phred quality score above five with only 690 reads (0.4%) having a
Phred quality score above ten. Sample demultiplexing using the bar-
code extraction protocol retrieved 155,473 reads with a least one bar-
code and yielded an average of 31,094 reads per sample
(Supplementary Table S3). The sample-specific reads were uniquely
mapped against the 51 bp long SNP reference sequences using the
ont2d setting of the BWA MEM aligner. This less stringent setting
handles a series of typical Oxford Nanopore sequencing errors. The
average depth, taking all loci of all samples into account, was 661X
(±435X). The locus with the lowest sequencing depth (95X) across all
samples was the rs2069945 locus of sample 9948. A low coverage was
observed for this locus throughout all five samples.
The second stacked bar in Fig. 1 shows the relative frequency of
each nucleotide observed at the SNP position using the 1D reads re-
sulting from the 1D sequencing experiment for the five samples. In
theory, only one allele for a homozygous locus and two alleles for a
heterozygous locus should be observed. However, due to sequencing
errors, more than two alleles could be observed at the SNP position. To
facilitate SNP profile generation, a homozygosity threshold (see Mate-
rials & Methods) is applied to deal with the additional noise of the
nanopore sequencing. Based on this cut-off, 78 out of 80 SNP loci over
all samples had a genotype corresponding to the reference genotype.
The rs2069945 locus of the 2800 sample and the rs9275142 locus of the
9948 sample were not corresponding with the reference. The complete
profiles for all five samples are shown in Table 1, alleles discordant with
the reference sequence are indicated with suffix b.
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Fig. 1. Overview of the relative frequency of each nucleotide observed at the SNP position of each locus for the 9947, 9948, 2800, GEDNAP 50 Person C and GEDNAP
51 Person C sample. For each SNP, the first stacked bar (1) represents the data for Illumina sequencing, the second one (2) for 1D nanopore sequencing, the third (3)
one for 1D data after 1D2 nanopore sequencing, and the fourth one (4) for 1D2 nanopore sequencing.
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3.4. 1D2 sequencing
Nanopore 1D2 sequencing was continued for 48 h and produced
1,119,765 reads of which only 4407 were filtered as ‘pass’ 1D2 reads
(Phred quality score> 11). When lowering the cut-off Phred quality
score to 10, 12,812 1D2 reads could be retrieved. These ‘pass’ reads
have a mean read length of 1382 bp. Besides recovering 1D2 reads from
this sequencing run, it is also possible to extract the 1D reads. Of the
1,119,765 reads, 806,463 (72%) were classified as ‘pass’ 1D reads.
These 1D reads are inherently less qualitative as only 0.1% had a Phred
quality score higher than 10. However, the sheer number of 1D versus
1D2 reads justifies to use both datasets to generate a SNP profile.
Sample demultiplexing using the barcode extraction protocol retrieved
595,556 1D reads and 8862 1D2 with a least one barcode, yielding an
average of 119,311 (± 64,456) 1D reads and 1772 (± 1306) 1D2 reads
per sample. The exact read count per barcode for both 1D and 1D2 can
be found in Supplementary Table S3.
The sample-specific reads were uniquely mapped against the 51 bp
long SNP reference sequences using the ont2d setting of the BWA MEM
aligner. The average read depth, taking all loci of all samples into ac-
count, was 250X (±184X) and 5375X (±2890X) using the 1D2 and
the 1D reads respectively. The locus with the lowest sequencing depth
across all samples was the rs2069945 locus with 23X using the 1D2
reads (GEDNAP G51 Person C) and 1380X when using the 1D reads
(Sample 9948). A low coverage was observed for this locus throughout
all five samples.
The third and fourth stacked bar of Fig. 1 show the relative fre-
quency of each nucleotide observed at the SNP position using respec-
tively the 1D and 1D2 reads resulting from the 1D2 sequencing ex-
periment for all five samples. From this figure it is clear that the more
accurate 1D2 reads generate the least noise. However, occasionally
multiple incorrect nucleotides are observed at the SNP position. Hence,
application of the homozygosity threshold (see Materials & Methods) is
required to determine the SNP profile. The 1D2 reads resulted in correct
genotyping of 79 out of 80 SNPs over all samples. The only incorrectly
genotyped locus was rs9275142 of the 9948 sample. For the 1D reads,
78 of the 80 SNP loci over all samples had a genotype corresponding to
the reference genotype. Identical to the results of the 1D sequencing
run, the rs2069945 locus of the 2800 sample and the rs9275142 locus of
the 9948 sample were not corresponding with the reference. The latter
locus was misinterpreted throughout all nanopore sequencing experi-
ments. The complete profiles for all five samples inferred from 1D and
1D2 reads from the 1D2 run are shown in Table 1, alleles discordant
with the reference sequence are indicated with suffix c and d respec-
tively.
3.5. Sequence data deposition
All sequencing data was deposited in the European Nucleotide
Archive (ENA) database under project accession number PRJEB25630
(http://www.ebi.ac.uk/ena/data/view/ PRJEB25630).
4. Discussion
4.1. Nanopore library preparation & barcoding
The amplicon and barcode ligation protocol resulted in sequence-
able ligation products, overcoming the minimum length requirement
for current nanopore base callers. The barcoding was combined with
amplicon ligation to avoid an extra step in the library preparation, even
though Oxford Nanopore provides a Native Barcoding kit to allow se-
quencing of multiplexed samples. Multiplex sequencing is essential to
further reduce the costs per sample. However, the total cost per sample
remains considerably higher compared to a conventional SNaPshot
analysis [33].
4.2. Tri-allelic multiplex
In contrast to a SNaPshot analysis, the quality of the result gener-
ated with nanopore sequencing is influenced by the nature of the am-
plicon sequences in the PCR multiplex. Nanopore sequencing is espe-
cially prone to sequencing errors linked to short homopolymeric tracts
of four or more bases which tend to produce false inserts of deletions
[34,35]. Therefore, the SNP multiplex of choice should contain ampli-
cons lacking such regions. Even with those precautions taken, 1D2 na-
nopore sequencing currently achieves a maximal base calling accuracy
of only 95% [36]. One way to cope with this error rate is to obtain a
high sequencing depth so that the true SNP alleles are well represented
above the noise of sequencing errors and it becomes possible to acquire
a reliable consensus sequence. A lower number of analyzed SNP loci
improves the coverage per SNP and simplifies the PCR multiplex opti-
mization, clearly demonstrating the advantage of tri-allelic over bi-al-
lelic SNPs. Furthermore, in contrast to a standard bi-allelic SNP mul-
tiplex, multiple contributors can be identified when using a tri-allelic
multiplex.
4.3. Sequencing
The 1D and 1D2 sequencing runs were allowed to proceed until
saturation, i.e. up to the moment where no considerable amount of
newly produced reads per hour was observed. For the 1D run, new read
production was negligible after 20 h, while the 1D2 run still produced
some new reads when it was stopped after 48 h. The discrepancy be-
tween the runs could be attributed to the differences in flow cell type, as
well as to the somewhat lower number of active pores in the 1D run
(890 vs 1293 for the 1D2 run). The latter could have led to faster flow
cell saturation in the 1D run and resulted in a lower read yield (334,327
vs 1,119,765 for the 1D2 run).
Although the 1D2 run produced a satisfactory number of raw 1D
reads, the base caller software only managed to extract a small fraction
of ‘pass’ 1D2 reads out of them. The high fail rate is most likely a direct
result of the characteristics of the sequenced amplicons and the way
1D2 reads are generated. The 1D2 base calling relies on an alignment of
the template and the complement strand to generate a consensus read
with better overall quality than the original reads. When sequencing a
library of fragments with similar sequences and length, base calling
software fails to identify the correct complementary reads producing
low quality 1D2 reads that will not pass quality filtering (Phred quality
score> 11). The incorrect pairing of 1D2 reads is caused by reads of the
same length getting into the same pore one after the other without
being from the same double stranded DNA. Unlike the now dis-
continued 2D chemistry, where the template and complement strand
were covalently linked together through a hairpin, the 1D2 chemistry
does not physically join the two strands. An adapter is attached to the
complementary strand allowing it to be tethered to the membrane while
the template strand is being sequenced. Shortly after the template
strand leaves the pore, the complement strand can be pulled in and
sequenced [37]. Hence, only 4407 qualitative 1D2 reads were generated
resulting in a sequencing depth too low for reliable SNP profiling.
Adjusting the quality score filtering settings by lowering the
minimum Phred quality score from 11 to 10, increased the amount of
‘pass’ 1D2 reads to 12,812. This enabled robust SNP profiling with only
the rs9275142 locus of sample 9948 being incorrectly genotyped. As an
alternative, we also used the individual 1D reads, which are less qua-
litative as no consensus read is created. Nevertheless, a large number of
1D reads can be obtained (806,463), providing in a higher coverage per
locus. The use of these 1D reads originating from the 1D2 experiment
resulted in one additional erroneous SNP locus (rs2069945, sample
2800). Similar results were obtained using the 1D reads originating
from the 1D experiment, even though less than a third of the reads
where produced during this sequencing run. In both cases the
rs2069945 locus of sample 2800 and the rs9275142 locus of sample
S. Cornelis et al. Forensic Science International: Genetics 38 (2019) 204–210
208
9948 were genotyped incorrectly. The latter SNP was incorrectly gen-
otyped for sample 9948 throughout all nanopore sequencing experi-
ments. Interestingly, ambiguous sequencing results for this SNP have
been reported in literature, resulting in the proposition to exclude this
locus from the multiplex panel [11]. The incorrectly called rs2069945
locus of the 2800 sample was only misinterpreted using the 1D reads,
but was genotyped correctly when using high quality 1D2 reads. The
rs2069945 locus showed the lowest coverage of the entire dataset and is
therefore the most prone to sporadic sequencing errors. With a Phred
quality score ranging from 5 to 10, the 1D reads have an error rate
probability between 10% and 32%. In case of the rs2069945 locus, this
results in an erroneous cytosine nucleotide identification producing a
CG heterozygous call. The higher quality 1D2 reads, which have a
minimal Phred quality score of 10 (error rate better or equal to 10%),
only identify a cytosine in 11% of the reads, hence remaining below the
heterozygous allelic balance threshold. The difference in quality can
clearly be observed by comparing the relative allele frequencies at the
SNP location for the 1D and 1D2 reads versus the reads generated by
Illumina (Fig. 1). In general, the 1D2 allele frequencies are closer to the
reference Illumina results, with heterozygous balances close to the ideal
50-50 equilibrium and less erroneous nucleotides being detected.
However, when only using the original 1D2 reads with a quality score
above 11 no reliable profile could be generated due to insufficient
coverage. Clearly a balance has to be found between the coverage per
locus and the quality of these reads. It is believed that significant im-
provements resulting in higher quality reads are still possible in the
software pipelines translating the nanopore’s electrical signals into a
DNA sequence [40]. However, using the current technology and ana-
lysis tools, this study shows that it is possible to correctly genotype 4 of
the 5 samples, of which two were casework samples (GEDNAP G50 and
G51).
5. Conclusion
The applicability and current state-of-the-art of ONT’s MinION na-
nopore sequencer for forensic tri-allelic SNP profiling was investigated.
Forensic tri-allelic SNP profiles were generated using a 16-plex SNP
locus PCR, followed by a ligation mediated sample-specific barcoding
step, a nanopore library preparation on the equimolarly pooled ligation
products of five different reference and casework samples, and finally a
single nanopore sequencing run. Data analysis methods for multiplexed
Oxford Nanopore Technologies' 1D and 1D2 sequencing were developed
that provide correct genotyping of almost all SNP loci across all sam-
ples. Loci that are problematic for nanopore sequencing were identified.
When such loci are avoided, nanopore sequencing of forensic tri-allelic
SNPs seems technically feasible.
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